Although the historical reputation of Gottfried Wilhelm Leibniz (1646Leibniz ( -1716 largely rests on his philosophical and mathematical work, it is widely known that he made important contributions to many of the emerging but still inchoate branches of natural science of his day. Among the many scientific papers Leibniz published during his lifetime are ones on the nascent science we now know as hydrology. While Leibniz's other scientific work has become of increasing interest to scholars in recent years, his thinking about hydrology has been neglected, despite being relatively broad in extent, including as it does papers on the 'raising of vapours' and the formation of ice, as well as the separation of salt and fresh water. That list can now be extended still further following the discovery of a previously unpublished letter of Leibniz's on the causes of the devastating Lombardy flood of October and November 1705. 1 This letter, which will be the focus of our paper, reveals the depth of Leibniz's understanding of key hydrological processes. In it, he considers various mechanisms for the flood, such as heavy rains on high ground, underwater earthquakes, and a mountain collapse. Over the course of the paper we examine each of these mechanisms in depth, and show that Leibniz was in the vanguard of hydrological thinking. We also show that the letter contains one of the first scholarly attempts to apply aspects of the still-forming notion of the hydrological cycle to account for a flood event.
Although the historical reputation of Gottfried Wilhelm Leibniz (1646-1716) largely rests on his philosophical and mathematical work, it is widely known that he made important contributions to many of the emerging but still inchoate branches of natural science of his day. Among the many scientific papers Leibniz published during his lifetime are ones on the formation of the Earth, 1 the formation of fossils, ice, 8 as well as the separation of salt and fresh water. That list can now be extended still further following the discovery of a previously unpublished letter of Leibniz's on the causes of the devastating Lombardy flood of October and November 1705. This letter, which will be the focus of our paper, reveals the depth of Leibniz's understanding of key hydrological processes. It was written in January 1706 for his patroness Electress Sophie of Hanover , in response to a request from her niece, the Duchess of Hanover, Benedicte Henriette (1652-1730), who had been informed about the flood and was curious about its cause.
The flood in question remains even today the worst flood disaster in Italian history, claiming a reported 15 000 casualties in the Po Valley. the Po and its principal tributaries being already dyked at the time -and, second, the flood unusually occurred in three waves, no doubt catching many unprepared. After mid-October, 1705, heavy rains produced minor flooding around Pavia in the upper valley (see Figure 1) . 10 Then heavy rains and strong scirocco winds on 29-30 October, which melted early snow on the south slopes of the Alps, produced heavy flooding in the provinces of Piemonte and Lombardia between 3 and 6 November. River dykes burst as far downstream as Ferrara and all the principal cities were isolated as islands. Emilia was flooded in turn as flood waters coursed into the distal Po and its distributary channels. Continuing rain produced new flood surges on 9-10 and 12-13 November. On 14 November the flood recession began, but it was the end of the month before normal drainage resumed in the valley.
Needless to say, Leibniz was not privy to such detailed information; he seems to have merely been informed that there had been a devastating flood in the Lombardy region, and then asked for details of its likely cause. That Sophie should turn to Leibniz for an explanation of the flood is not surprising: she often asked him for his thoughts on difficult and curious matters, 11 and indeed seems to have viewed him as a walking encyclopaedia. The letter itself is important not only because it shows Leibniz to be in the vanguard of 9 P. Salvati, C. Bianchi, M. Rossi, and F. Guzzetti, 'Societal landslide and flood risk in Italy', Natural Hazards and Earth System Sciences 10 (2010), 465-83. 10 The following account is based on descriptions in Guido Alfani, 'Climate, population and famine in Northern Italy: general tendencies and Malthusian crisis, ca. 1450-1800', Annales de Démographie Historique 2 (2010), 41, and in Daniele Salmelli, 'L'alluvione e il freddo: il 1705 e il 1709', in R. Finzi, ed. Le meteore e il frumento: clima, agricoltura e meteorologia a hydrological thinking, but also because it contains one of the first scholarly attempts to apply aspects of the still-forming notion of the hydrological cycle to account for a flood event.
The text and its background
In the letter to Sophie, Leibniz considers three possible explanations of the Lombardy flood: (1) heavy rains falling on the higher ground, (2) a 'mountain collapse' damming a river, causing backup and then a catastrophic flood when the dam gave way, (3) a cause which prevented the rivers Po and Adige from discharging into the sea, such as a violent onshore wind, or an underwater earthquake that triggered a tsunami. We shall examine these hypotheses in greater detail shortly. As will become clear, in advancing them Leibniz makes use of recent pioneering theoretical insights regarding the hydrological cycle. In addition to that, his thinking is likely to have been informed by his own firsthand knowledge of the region, and his own geological-geographical research.
Although Leibniz did not witness the Lombardy flood himself, being in Hanover at the time, 12 Leibniz typically wrote his location at the end of his letters, and from this information we know that he was in Hanover at the time. See for example his letter to Electress Sophie of 31
October 1705, in Leibniz and the Two Sophies, 340.
Guelph house (a history desired by his employer, the Duke of Hanover, for dynastic reasons).
Leibniz travelled through the Lombardy region twice, once near the start of his trip as he was making his way south, and then again near the end, when he was making his way northwards. Both times he journeyed over the Po (Figure 1) , one of the main rivers which drains the Italian Alps, and on one occasion he also travelled down it by boat. In March/April 1689, he travelled from Venice to Ferrara, and it has been claimed that this would have taken him over the Po Delta. (Firenze, 1988 9 between 1680 and 1686 while serving as a mining engineer. While many of these observations concern the various layers of the earth and the fossil objects found in them, some also concern the origin of springs, changes caused by rivers, and the effects of the sea on the land. A number of the ideas and references in the letter to Sophie are drawn from the Protogaea, and it is not unreasonable to suppose that Leibniz consulted his thirteen year-old manuscript for the Protogaea when composing the letter in 1706. But as we shall see, he also drew on very new ideas about the hydrological cycle (the system of circulation of water at Earth's surface) that were emerging at the time. Let us now consider in greater detail the three explanations for the Lombardy flood he advanced in that letter, taking them in reverse order.
A cause that prevented egress of water from the rivers
We start with Leibniz's suggestion that there may have been some reason that prevented the rivers Po and Adige from flowing normally, leading water to back up (which we would today call a hydraulic dam) until it burst the rivers' banks and flooded the surrounding area. Leibniz here suggests a variety of mechanisms, such as high tides, high onshore winds, and an underwater earthquake, by which he likely means the tsunami that would be caused by such an earthquake. Leibniz quickly rejects high tides as an option for, while he acknowledges that the gulf of Venice is subject to tides, he also claims (rightly) that these are not sufficiently high as to cause a significant flood. After thunderstorms had raged all night, there arose such a strong wind that in no time at all it drove back the Rhône and the Lake [Geneva] to such an extent that for two hours various people went to the chains on foot and stayed dry, and others crossed from Monnoye to the Island. year, claims that the River Thames burst its banks on account of a 'great Spring-tide ', 20 occasioned by a strong north-easterly wind which 'forced the waves in abundance from the main Ocean'.
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In the letter to Sophie, Leibniz mentions similar occurrences in Holland.
As for a tsunami caused by an earthquake, this phenomenon had been known Closer to Leibniz's day, the aforementioned Histoire de la Ville et de l'Estat de Geneve contains a report that on 16 September 1600 the Rhône was subject to ebbing and flowing, before drying up altogether for several minutes; Spon claimed that the suspension of the waters was likely due to an earthquake which raised the ground between the river and Lake Geneva:
It is very likely that this wonder of nature happened on account of a kind of earthquake, or uprising of the earth, whereby the ground under the place from which the Rhône issues forth from the Lake, being raised three or four times through the agitation of subterranean vapours, prevented this river from flowing, and that when the same ground sank down under its own weight, the river resumed its normal course. Rhodes, which opened the sea, that is its bottom; and into this opening such a torrent of water was poured that for more than three hours the bed of the sea lay bare because of the water that had been lost from it; and then it closed to the former level'. Leonardo da Vinci, Notebooks (Oxford: Oxford University Press, 2008), 287.
24 Jacob Spon (note 18): II, 141.
An underwater earthquake was also blamed for the destructive waves which hit the Apulia region of Italy in 1627. According to a contemporary report, a river in the region ceased to flow for two hours following the earthquake, and then 'the sea returned in such a great fury that it drowned two villages, and the river overflowed in other regions, and caused great damage to many houses'.
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It was thus common knowledge that high winds and underwater earthquakes impeded the egress of rivers and caused floods, and thus no surprise that Leibniz should consider both mechanisms in his attempt to explain the Lombardy flood. However, neither mechanism could back up the river as far as Pavia (about 250 km inland, where the river is more than 50 m above sea level), which was affected by the flood. Leibniz certainly knew of this incident, having mentioned it in the Protogaea.
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Such landslides were of course commonplace events in the Alps, and their ability to cause floods was widely known. Indeed, the very same pamphlet which carried details of the Plurs tragedy also noted a number of similar events:
In our time also, a mountain also fell into the Rhône, which made it swell to such an extent that the mills of Geneva turned in completely the opposite direction 
Heavy rains
We turn now to Leibniz's principal suggestion for the cause of the Lombardy flood, which is the first one he makes in the letter to Sophie as well as the one to which he devotes most text, namely that the flood may have occurred due to heavy rains falling on high ground. He explains that rain falling on open countryside is concentrated into the narrow confines of stream channels, where its depth and runoff velocity are greatly increased, both factors that threaten the stability of streambanks and built embankments, or overtop them if depth increases too much. Such a suggestion, while obvious today, was certainly not at the time. Indeed, in the 17 th century, floods blamed on the rains were generally thought to be caused by the rains falling directly into the rivers. To give a typical example, a pamphlet relating details of devastating floods that occurred throughout Spain in 1617 blamed 'inundations which of late have happened in the Rivers of Ebro, Lobregat, Segre, Cinca, and other Streames issuing and branching from them'.
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In his letter to Sophie, however, Leibniz notes that the river banks are very narrow, whereas the countryside is of great expanse, and it is the rain that falls there that ultimately causes flooding on lower ground, once the quantity of water exceeds the capacity of the channels to contain it. Thus he writes:
A substantial rain which lasts a long time is sufficient to cause a great flood, and when it makes snow melt, the effect is even greater. rain sufficient is that it falls on a large area, that is, on wide open countryside, whereas the river channels are very narrow.
In making this suggestion, Leibniz shows the depth of his understanding of hydrological processes, which were only beginning to be properly understood in the latter decades of the 17 th century. Indeed, Leibniz's suggestion is possibly the first attempt to apply the fledgling theory of the hydrological cycle to explain a flood event in any physical detail.
To fully appreciate novelty of Leibniz's suggestion, we need to consider developments in hydrological knowledge leading up to the time at which he wrote his letter to Sophie.
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The 17 th century was marked by an ongoing debate between a majority who still believed the mediaeval concept -inherited from antiquity -that rivers originated from some subterranean plumbing system that connected the ocean with the mountains, and a few who believed in the adequacy of rainfall to feed the rivers. The former generally had the upper hand inasmuch as they drew authority from the Bible.
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Against this, rainfall advocates had at this time no definitive evidence, which would have to be in the form of measurements of precipitation and streamflow. 38 'All rivers run to the sea; yet the sea is not fully unto the place whence the rivers come, thither they return again'. Ecclesiastes 1.7 (King James translation). 
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He asserted unequivocally that rainfall gave rise to rivers. Further, he understood and described the initial seepage of rainwater into soil and rock and its re-emergence at springs to form the initial streams. He went on to describe the joining of streams to form larger rivers. Amongst the key evidence he cited for his views was the occurrence of low water or complete drying up of water courses during rain-free summers. Palissy also correctly explained the origin of artesian wells. But he was not a recognised scholar; he wrote in Middle French rather than Latin, and so his views were not immediately influential or even widely noted. 55 It is interesting that all three of these investigators made (and got away with) essentially indefensible assumptions. In the case of Perrault and Mariotte, it was that rainfall at a point adequately indexes water input to a more or less extended region.
Furthermore, their streamflow estimates were undoubtedly very poor. In Halley's case, the extension of very limited point measurements to a large part of Earth's surface is inadmissible. They got away with these assumptions because, in both cases, they were comparing one quantity (respectively, runoff or precipitation onto the land) with another, very much larger quantity (respectively rainfall and evaporation from the sea). In the first case, runoff is a small residual difference between rainfall and evaporation; in the second, rainfall onto the land comprises a small part of global evaporation, most of which reprecipitates onto the world ocean. So the undoubted gross biases in their 'measurements' disappeared into the magnitude of the unassessed additional term. 65 Leibniz, Protogaea, [19] [20] [21] . It is worth noting that Leibniz also had his own first-hand experience to draw on. Much of his work in the Harz mines involved designing and overseeing wind-driven pumps to pump out the water which constantly seeped into the mines, hampering the extraction of silver. At the very least, we may surmise that his experience trying to raise water out of mines is likely to have made him particularly suspicious of the 'subterranean plumbers' and their idea of raising water to the mountain tops, if not actually affording him positive data and insights about the natural movement of water.
66 Leibniz, Protogaea, 57. have been the cause of the Lombardy flood. In framing this hypothesis, Leibniz shows that he understood the implications of the data of Perrault and Mariotte, so that he had, for the time, an advanced view of hydrological processes. Although Leibniz does not reveal the source of his opinion, it is likely to be Mariotte. In the Sophie letter he also shows that he is aware of contemporary efforts to measure rainfall, and the significance of this:
Observations have been made on the quantity of water that falls from the sky, and it has been noticed, for example, that all the rains of the month of September in 1699 caught in a barrel in Paris went up to 3 inches or thereabouts. A single heavy rain can produce as much and more than the whole of a month, and all this water, which would cover the high country up to half a foot if it remained there, when coming down suddenly into the low and cramped-in places or several concurrent rivers, is capable of covering the countryside and of producing a kind of lake.
The fact that Leibniz advances three hypotheses for the Lombardy flood indicates that he himself did not know the true cause. He ends the letter by noting the data that would be required to enable a determination of the true cause of the flood. The data Leibniz required are now readily available, and consequently we know that, of Leibniz's three hypotheses, that of heavy rains falling on higher ground most accurately reflects the true cause.
Conclusion
Leibniz does not feature in histories of hydrology, 67 and certainly it would be difficult to claim that he had any direct role in shaping our understanding of the hydrological cycle, or its application. Nevertheless, the Sophie letter shows that Leibniz was at the forefront of hydrological thinking (as he was with just about every other science of his day), and was able to apply the latest theoretical insights to understand real-life flood events. It is notable that of the three hypotheses advanced, the heavy rains hypothesis was the first one mentioned (suggesting that it was perhaps his first thought), and also that he devotes more space to that than he does to the alternative hypotheses also considered. While the rainfall-runoff concept as the origin of floods is second nature to us today, based on our understanding of the hydrological cycle, these were intellectually revolutionary ideas in Leibniz's time.
While it is tempting to suppose that Leibniz passed on his insights only to the recipient of the letter, Electress Sophie, this should be resisted. After all, much of the transmission of knowledge in Leibniz's day was accomplished verbally or via letters exchanged within a small international community of European savants. Given that circumstance, and Leibniz's wide circle of scholarly acquaintances, many of whom he met in the flesh, it is very likely that his cutting-edge views were transmitted beyond the circle of his royal patrons and influenced the increasing recognition, after 1700, of the modern concept of the hydrological cycle. Future discoveries in the Hanover archives may further flesh out this picture.
67 Biswas, op. cit.
